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Paleocene-Eocene volcanic segmentation of
the Norwegian-Greenland seaway reorganized
high-latitude ocean circulation
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The paleoenvironmental and paleogeographic development of the Norwegian-Greenland
seaway remains poorly understood, despite its importance for the oceanographic and climatic
conditions of the Paleocene-Eocene greenhouse world. Here we present analyses of the
sedimentological and paleontological characteristics of Paleocene-Eocene deposits (between
63 and 47 million years old) in northeast Greenland, and investigate key unconformities and
volcanic facies observed through seismic reflection imaging in offshore basins. We identify
Paleocene-Eocene uplift that culminated in widespread regression, volcanism, and subaerial
exposure during the Ypresian. We reconstruct the paleogeography of the northeast
Atlantic-Arctic region and propose that this uplift led to fragmentation of the
Norwegian-Greenland seaway during this period. We suggest that the seaway became
severely restricted between about 56 and 53 million years ago, effectively isolating the Arctic
from the Atlantic ocean during the Paleocene-Eocene thermal maximum and the
early Eocene.
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eaways and marine gateways connecting high- and low-
latitude oceans typically influence global climatic systems by
affecting salinity and water temperature, and therefore ocean
circulation. During the Paleocene-early Eocene (Danian-Lutetian),
the Arctic region was affected by continental breakup and seafloor
spreading in the Labrador Sea/Baffin Bay, North Atlantic and Eur-

asian basins, and associated North Atlantic igneous province (NAIP)
volcanism (Fig. la; e.g., see refs. 2). The plate movements caused
compressional uplift over parts of the Arctic region (Gakkel and
Lomonosov Ridges, North Greenland, and Svalbard) and coeval
formation of deep subsiding basins (e.g., SW Barents Sea and Eur-
asian Basin)3-10. Although it is evident that these tectonic processes
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Fig. 1 Paleogeographic setting and study area. a Paleogeographic model of the Boreal-Arctic region during the Ypresian (50 Ma), showing the main
geological elements discussed in the text (modified from Blakey'®). AB, Amerasian Basin; BB, Baffin Bay; Be, Beringia; BSB, Barents Sea Basin; EB, Eurasian
Basin; EFB, Eurekan Fold Belt; GSR, Greenland-Scotland Ridge; KSB, Kara Sea Basin; LR, Lomonosov Ridge; LS, Labrador Sea; NGS, Norwegian-Greenland
Seaway; pFS, pre-Fram Strait; Sv, Svalbard; WSB, Western Siberian Basin. Yellow dashed line, transient sea connection; white and black lines, plate
boundaries (extensional and transform, respectively). b Regional map of the Norwegian and Greenland seas, and surrounding margins. Simplified volcanic
elements map includes the main seaward dipping reflector (SDR) sequence related to the main Atlantic opening, additional subaerially erupted basalt
flows, and volcanic units interpreted as flows erupted in shallow water. Volcanic elements off Greenland are new interpretations here and elements off
Norway are based on Berndt et al.”®. A major Paleocene unconformity mapped in the seismic data is highlighted by the orange polygons and the light
orange line is the land ward edge of the Eocene units. The continent-ocean boundary is from Hopper et al.89. Red box shows extent of detailed onshore
map presented in Fig. 1c. Black lines are seismic profiles in Fig. 3 as labeled. The thick red line indicates the location of potential contourites (Fig. 3d).
Numbered green dots are DSDP and ODP sites (338 and 913, respectively), and Kanumas shallow coring project sites. East Greenland margin offshore
structural features are: KP, Koldewey Platform; DR, Danmarkshavn Ridge; OTH, Outer Thetis High. ¢ Simplified geological map of Northeast Greenland®'

illustrating the main onshore study areas. GS@, Geographical Society @.

must have had profound impacts on high-latitude ocean circulation,
the area’s paleographic evolution and Paleocene-Eocene water body
connectivity remain poorly known in many respects.

During the Paleocene-early Eocene, the Arctic region was
variably connected to lower-latitude oceans, in particular through
two long, meridional seaways: the Turgay strait (or Western
Siberian seaway) and the Norwegian-Greenland seaway (NGS;
the focus of this study; Fig. 1a)!1-1. Several studies have sug-
gested that the meridional seaways played an important role in
the development and decline of the early Paleogene greenhouse
climate, including the Paleocene-Eocene thermal maximum
(PETM, roughly 56 Mal®17). Paleoceanographic modeling has
indicated that even relatively minor changes in seaway mor-
phology and connectivity between the Arctic and Atlantic Oceans
could have had profound effects on ocean circulation!8-22, In
addition, it has been proposed that a restriction of the NGS could
have contributed to increasing salinity and sea surface to mid-
depth water temperatures in the North Atlantic, and destabili-
zation of marine methane hydrates'®1%, in turn contributing to
the rapid rise in global temperature during the PETM. Moreover,
restrictions of the boreal seaways may have contributed to
methane generation?3 and freshening of the Arctic Ocean during
the Eocene! 1,19,

The NGS was initiated during the Jurassic as an intracratonic
seaway separating Greenland from Norway?4. This incipient NGS
persisted into the early Eocene, during which time lithospheric
breakup commenced between the East Greenland Fracture Zone
in the north and the southern tip of Greenland (around chron
C24n.3n 54-53.4 Ma)>>26. The breakup was accompanied by
voluminous magmatism associated with the underlying Icelandic
hotspot south of the study area?’-?8, Subsequent changes in
spreading kinematics and plate motions shaped the present
configuration of the NGS, resulting in a mid-Eocene-Miocene
breakup between the East Greenland Fracture Zone and the
Arctic Ocean, and the dislocation of the Jan Mayen Micro-
continent from Greenland south of the Jan Mayen Fracture
Zone?>26,

Despite the potential significance of the NGS for understanding
of Paleogene climatic dynamics, its paleoenvironmental and
paleogeographic development during the Paleocene-early Eocene
has remained inadequately documented. Previous research has
focused on the Greenland-Scotland ridge (GSR)—a poorly under-
stood morphological feature generated by uplift and volcanism that
has strongly influenced the deep water exchange between the North
Atlantic and NGS since the Paleocene?*-33. In contrast, the main
body of the more than 1500 km-long NGS has received much less
attention. Although Paleogene strata have been studied in outcrop
along the north-east (NE) Greenland margin343>, in offshore
wells?6-38, in seismic sections, and seafloor samples??~43, a coherent

account of the Paleocene-early Eocene development of the NGS
and its wider paleogeographical implications is still lacking. This
study aims to reduce this knowledge gap by reconstructing the
Danian-Lutetian (here restricted to ~63 to ~53 and ~48 to ~47 Ma)
paleoenvironments of NE Greenland using integrated sedimentol-
ogy and palynology. The onshore data are combined with available
offshore core data and interpretation of a large grid of generally
high-quality two-dimensional (2D) seismic reflection data that
document the offshore distribution of the Ypresian subaerial lavas
and a coeval subaerially formed unconformity (Fig. 1; see Methods).
The study benefits from newly discovered outcrops (Wollaston
Forland, NE Greenland) and four shallow boreholes (Kanumas sites
3, 12, 15, and 24), which provide seismic age ties and improve
onshore-to-offshore correlations. The data allow investigation of the
timing, speed, and magnitude of any restriction and re-opening of
the northern part of the seaway during the Danian-Lutetian. Our
data, combined with previous research, indicate that the seaway was
fragmented into isolated marine water bodies during the Ypresian.
The Greenland-Norway Ridge (GNR), as documented and named
here, contributed to disruption or major restriction of meridional
current activity, in particular between ~56 and ~53 Ma. The first
indications for bottom current activity appear in the Lutetian sec-
tion. The revised basin physiography provides important con-
straints for paleoceanographic and climatic models for the PETM
and the early Eocene, which are regarded as an analog for a future
greenhouse world.

Results and interpretation

We examined sedimentological, palynological, and seismic char-
acteristics of Danian-Lutetian deposits in outcrops, on a large
grid of reflection seismic profiles and in selected wells in the
~700 km-long stretch from Geographical Society @ (GS@) in the
south to the Danmarkshavn Basin in the north (Figs. 1 and 2).
The paleoenvironmental evolution is summarized below. Addi-
tional information regarding facies associations, key fossils used
in biostratigraphic dating, seismic sections, and paleoenviron-
mental development are presented in supplementary items
(Supplementary Notes 1-4, Supplementary Tables 1 and 2, and
Supplementary Figs. 1-15).

Danian-Thanetian (~63-56 Ma). The onshore and core data
show that the oldest Paleogene deposits (Danian-Selandian) rest
unconformably on Cretaceous sediments (Fig. 2). The sediments
are dominated by coarse-grained gravity flow units that inter-
calate with marine mudstones of offshore and prodeltaic affinities
(Supplementary Notes 1, Supplementary Tables 1 and 2, Sup-
plementary Figs. 1-3). At least two major hiatus formed through
episodes of fault block rotation and uplift (Fig. 2) during the
interval. The latter interpretation is supported by abundant
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Fig. 2 Stratigraphy and paleoenvironmental trends. References used'812.13.27,32,34-36,38,52,54,58,70,82-84 are shown in parentheses. A star refers to
locations described in this study. a Stratigraphic correlation panel of NE Greenland and offshore coring sites. See Fig. 1 for locations. Radiometric age of lava
shown in the inset is from Larsen et al.2” and represents the oldest lava in a nearby locality. GS@, Geographical Society @; SB, Sequence boundary; (SB),
inferred, Sel-Selandian, Than-Thanetian. b A summary of the main paleoenvironmental trends in NE Greenland (NEG) and estimated occurrence of main
tectonic and magmatic events affecting connectivity of the Norwegian-Greenland Seaway (NGS) to other Arctic areas. EECO, early Eocene climate
optimum; ETM2, Eocene Thermal Maximum 2; GNR, Greenland-Norway Ridge; GSR, Greenland-Scotland Ridge; NAIP, North Atlantic Igneous Province
(main activity); NGS, Norwegian-Greenland seaway; PETM, Paleocene-Eocene Thermal Maximum.

reworked Cretaceous dinocysts, suggesting that marine Cretac-
eous deposits were exposed and subject to erosion in the catch-
ment area (Supplementary Notes 2). Finally, most of the
Thanetian is missing onshore NE Greenland, indicating another
possible hiatus.

The Danian to Thanetian interval offshore in the southern
Danmarkshavn Basin comprises gently inclined, eastwards prograd-
ing clinoforms that cover the Danmarkshavn Ridge following the
Cretaceous uplift (Fig. 3a). Farther north along the continent-ocean
boundary (COB), footwall uplift associated with a pulse of rifting
resulted in the formation of an unconformity and the absence of
lower Paleocene strata on structural highs (Fig. 3b). On the outer
margin to the southeast, the Danian-Thanetian succession inter-
calates with the oldest Paleocene lavas in the area (possibly as old as
62-61 Ma similar to the oldest basalts in the northeastern
Atlantic?’). The basalts have “rubbly” top reflections and a
hummocky to internally chaotic reflection pattern suggestive of
subageous eruption (Fig. 3d, f).

Latest Thanetian-early Ypresian (~56-53 Ma). The interval
corresponding to the PETM (latest Thanetian-earliest Ypresian;
Paleocene-Eocene boundary; roughly ~56 Ma) is well-developed
onshore in the Wollaston Forland area reaching a thickness of
almost 200 m (Fig. 2 and Supplementary Notes 1, 2, and 4). The
age of the interval is constrained by the distribution of short-
ranging dinocysts Axiodinium augustum'® supplemented with
previously published radiometric dating of the overlying lower
lava series from the area (55.02+0.49, 55.42+0.92, and
55.52 + 0.68 Ma)2’. The lower part of the succession contains a
~60 m-thick gravity flow system typified by deposits of sustained
high-density turbidity currents, which are overlain by shallow
marine and paralic deposits such as a delta or embayment margin

(see insert in Fig. 2, Supplementary Notes 1 and 4, and Supple-
mentary Figs. 2-4).

The paralic deposits are erosionally overlain by coarse-grained,
cobble-bearing fluvial channels, which are locally interbedded
with coastal plain and floodplain sediments such as coal layers
(Supplementary Figs. 5 and 6). The rapid progradation and the
basal erosional contact are interpreted to reflect a forced
regressive event (sequence boundary). In a single locality, the
erosional contact carves into Carboniferous rocks (Fig. 2; see also
ref. 34). Collectively, these facies and stratigraphic relationships
indicate an uplift pulse associated with block faulting during the
PETM immediately before the initiation of flood basalt
magmatism.

In offshore areas, the intra-PETM sequence boundary can be
traced to the southern Danmarkshavn Basin and also exists near
the COB (Fig. 3e). In the Danmarkshavn Basin, the unconformity
formed through subaerial uplift after intrusion and magmatic
inflation of the subsurface. The surface, and the interval located
up to a few tens of meters above it, is marked by kilometer-wide
hydrothermal vent craters connected to the underlying intrusions
(Fig. 3e). The vents are interpreted to correspond to a pulse of
intense magmatism*4. A similar stratigraphic surface speckled by
volcanic vent craters exists offshore Central Norway and
the western UK. Most volcanic vents of the area terminate in
this surface dated as 55.8-55Ma and correlated with the early
part of the PETM4>-46,

Flood basalt emplacement that started during the PETM lasted
until ~53Ma onshore NE Greenland?’. Our data show that
scattered intra-basaltic fluvial sediments and weathered top
surfaces of lava beds are widespread and indicate common
subaerial environments (Supplementary Fig. 6). Moreover, basalt
clast-bearing mass flow units more than 20 m thick are also
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Fig. 3 Offshore seismic examples in two-way travel time. a Maastrichtian-Paleocene clinoforms prograding across the Danmarkshavn Basin and burying the
Danmarkshavn Ridge for the first time since the Jurassic. b Top-Cretaceous unconformity related with down-faulting, footwall uplift and rotation (TGS line
NEG15-21880). ¢ Earliest Cenozoic burial of the Danmarkshavn Ridge, which consists of Paleozoic strata and basement (TGS line NEG12-2050).

d Interpreted Paleocene subaqueous basalt, and further up section, mid-Eocene to recent contourite deposits (ION-GXT line NEG1-5500). See Fig. 1b for
location. e Near-top Thanetian unconformity associated with magmatic intrusions, hydrothermal vents, and the onset of subaerial flood basalt volcanism (TGS
line NEGO8-101B). f Danian-Thanetian subaqueous basalt and lower Ypresian subaerial flood basalts and Paleocene-Eocene down-faulting (TGS line NEG12-
2040). The color code applies throughout. Correlations between a, ¢, and d, and core wells treated in the text are presented in Supplementary Notes 3.

locally present and suggest that relief and instability developed
during the continental breakup. The basalts extend offshore south
of ~75°30N showing a smooth top seismic reflection and
generally conformable internal reflections typical for subaerially
extruded lavas (Fig. 3f). The offshore flood basalts rest on the
near-base Paleocene unconformity. They grade eastwards into
seaward dipping reflectors located up to ~20 km inboard of the
oldest identified magnetic ocean spreading anomaly (chron
C24n.3n 54-53.4 Ma?®), indicating volcanism and widespread
subaerial conditions immediately prior to, and during, initial NE
Atlantic opening.

Late Ypresian-earliest Lutetian (~53 to ~47 Ma?). Post-basaltic
Paleogene sediments (<53 Ma) are not observed onshore NE
Greenland. Offshore, upper Ypresian deposits (~50 Ma) have been
reported from Ocean Drilling Program (ODP) site 913 (Fig. 1)36-38.
Here, the late Ypresian interval (49.3-48.3 Ma) contains a mix of
marine dinocysts and Azolla massulae!*” and is interpreted to have

formed in a shallow-water environment3®. This is consistent with a
contemporary subaerial angular unconformity over structural highs
located at the outermost margin and an absence of lower Eocene
sediments over the more elevated parts of the early Eocene ocean
crust (C24-C22n). Farther inboard, in the southern Thetis Basin, the
interval grades into a succession deposited in a few hundred meters
of water and fringed to the west and southwest by a steep shelf slope
(also described by Petersen®®) (Fig. 3c). The shelf slope prograded
northeastwards over the Thetis Basin starting in the Ypresian and
continuing into the Lutetian. The position of the delta and the
direction of sediment transport were most likely controlled by the
presence of the basalt traps to the south and southeast, acting as a
topographic barrier deflecting the fluvial transport towards the
north-northeast (Fig. 4). This is similar to the volcanically deflected
Paleocene-Eocene deltaic deposits on the West Greenland
margin48’49.

The offshore Kanumas coring site 12 in the Danmarkshavn
Basin intersected the uppermost Ypresian and lowermost
Lutetian (~47.8 Ma) located inboard of the shelf break (Fig. 1
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Fig. 4 Greenland-Norway Ridge during the Paleocene-Eocene transition.
G-Plate reconstruction based on the poles of rotation and compilation of
magnetic anomalies of Gaina et al.2> with mapped volcanic facies and
subaerial unconformities projected onto establish the distribution of land
and sea. See the “Methods"” section for detailed approach. The inset figure
shows the paleogeography of the greater NGS region, which is modified
and simplified from the uplift model of Maclennan and Jones3© for the same
time period. The data presented here revise the paleogeography of the main
body of NGS. Instead of deep sea continuation towards the Barents Sea, the
northern NGS was almost closed by a volcanic ridge at least until ~53 Ma. A
narrow shallow-water strait may have existed between Greenland and
Europe.

and Supplementary Note 2). The cored succession formed in a
storm- and wave-influenced shallow marine environment (Fig. 2,
Supplementary Notes 1, and Supplementary Fig. 7). The upper
Ypresian to lowermost Lutetian succession covers the subaerial
basalts located offshore south of N 75°.

Above the upper Ypresian to lowermost Lutetian marginal
marine section in the ODP site 913, an early Lutetian (~47 Ma)
transgression denotes the onset of deep-marine deposition30-38.
Away from the borehole, this transgressive interval roughly
corresponds to the oldest contourite moats and drifts along the
COB interpreted based on their geometry in seismic data,
suggesting the onset of deep-marine conditions over the oldest
ocean crust (Fig. 3d and Supplementary Fig. 15). These

contourites make up the lowermost part of a kilometer-thick
succession of contourites that extends all the way to the Recent
and influences the relief of the modern shelf slope. Although
distinct in outline, these Eocene drift and moats are smaller in
scale compared with the younger contourites. Future work should
include further drilling to improve the stratigraphic control of the
succession.

Discussion

Previous paleoclimatic and paleoceanographic modeling has indi-
cated that the paleogeography of the NGS, and its connection to the
Arctic region, may have had a major impact on Atlantic meridional
overturning circulation and North Atlantic bottom water tempera-
ture during the Paleocene-Eocene!®-22. Two possible sea connec-
tions linked the NGS to the Arctic Ocean during this time: the pre-
Fram strait area between North Greenland and Svalbard, and
Barents shelf-Kara Sea areas (Fig. 1al®). Various paleogeographic
models exist for the Paleocene-Eocene Arctic areal 314501 due to a
lack of preserved sedimentary record (eastern Barents Sea, Kara Sea)
and uncertainties pertaining to the timing of tectonic events. Key
tectonic events include seafloor spreading in the North Atlantic
(~54 Ma onwards)26, which led to northward movement of the
Greenland plate, and compression and uplift in the pre-Fram strait
area, eventually terminating the shallow marine connection between
Svalbard and Greenland (Fig. 2). Recent apatite fission track data
from North Greenland suggest that the area may have experienced
onset of uplift around the Selandian (~60 Ma)°2, whereas the first
main Eurekan compressional phase may have taken place during the
Ypresian-Lutetian (53-47 Ma)8. The translational tectonics asso-
ciated with the Eurekan orogeny also affected the SW Barents Sea
area and led to the development of deep transtensional basins, as
well as basement ridges that restricted marine connections towards
the east®10:°0, However, similarities in dinocyst assemblages between
western Siberia and the North Sea Basin suggest that temporary
shallow marine connections existed across the Barents Sea at least
until the early Lutetian, when a major regression detached the
Western Siberian seaway from the Arctic Ocean!233-%5,

Basin morphology and the timing and degree of opening and
restriction of the NGS during this time have remained poorly
understood. Challenges include the NAIP emplacement-related
punctuated uplift and a consequent incomplete stratigraphic
record (e.g., along GSR and in NE Greenland), limited bios-
tratigraphic constrains, or lack of data from remote areas such as
NE Greenland. Due to these uncertainties, varied paleogeo-
graphical configurations have been used in previous modeling,
ranging from open seaway to fully closed scenarios!!23:26:>7,
Important contributions in this context include that of Hartley
et al.32, who demonstrated that transient uplift pulses totaling up
to 1km offshore Scotland coincided closely with the PETM (see
also refs. 3031). These uplift pulses led to subaerial exposure for
~1 Myr, which was followed by a gradual subsidence and reburial.
Similarly, Parnell-Turner et al.>® documented pulses in Icelandic
mantle plume activity leading to alternating uplift and subsidence
episodes that controlled GSR height/depth later in the Eocene and
Oligocene. The timing of renewed bottom current overflow over
the GSR remain enigmatic33.

Paleocene-early Eocene fragmentation of the NGS. The data
presented here form an important piece in the paleogeographic
puzzle by documenting Paleocene—early Eocene paleoenviron-
mental evolution of the NE Greenland margin (~63 to ~53 and ~48
to ~47 Ma). Our results indicate that water depth and accom-
modation space decreased rapidly in the western part of the NGS
around the Paleocene-Eocene boundary. At least three major forced
regressive episodes, with some uncertainty due to local challenges in
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lateral correlation, likely related to uplift pulses, are postulated in
Danian, Selandian, and Thanetian strata (Fig. 2). The interval
corresponding to the Paleocene-Eocene transition and the early
Eocene shows a change from offshore deposits to rapidly accu-
mulating marine gravity flow systems, shallow marine, coarse-
grained fluvial environments, and subaerial flood basalts over part
of the study area (Supplementary Notes 1, 2, and 4). The offshore
deposits at the base of the PETM section broadly coincide with the
early PETM transgression previously reported from various parts of
the world®%; however, the subsequent, strongly progradational
depositional trend in the upper part of the succession was driven by
regional tectonic uplift that preceded the onset of flood basalt
emplacement (Fig. 2).

The flood basalt volcanism continued until at least ~53 Ma and
resulted in a several km-thick sequence of subaerially extruded
lavas in the present day offshore areas®0-62. Onshore data indicate
that the intra-basaltic sediments represent thin remnants of
widespread fluvial systems, paleosoils, and shallow lakes devel-
oped during erosion and ponding of fluvial incisions (Supple-
mentary Notes 1).

The maximum extent of subaerial lavas and the immediately
underlying unconformity within the context of the NGS indicate
that subaerial exposure extended across the entire central and
southern NE Greenland margin to the COB (Fig. 4). On the
conjugate outer Norwegian Voring and Mere margins, eastward
prograding basalt deltas are suggestive of a subaerially exposed
outer margin and an inundated embayment towards the east®3
(Fig. 1b). Collectively, these data suggest that from the
Paleocene-Eocene transition to the early Eocene, a land
connection from NE Greenland to the outer Norwegian margin
(GNR) developed along the trend of the incipient oceanic
spreading ridge. The height of the lava deltas decreases to the
north, suggesting a northward shallowing of the embayment at
the northernmost Vering and Lofoten-Vesteralen margin
(Fig. 1)%3. Structural highs delineating latest Cretaceous and early
Paleogene islands or shoals straddle the Vering and Lofoten-
Vesteralen margin*2. Consequently, NE Greenland and Europe
were separated by only a narrow strait lined with islands and
shoals (~50km or less of open water). Such an environment
would be sensitive to relatively minor tectonic pulses and eustatic
changes, which have been estimated to be 15-30 m during the
early Eocene®* (Fig. 4). However, similarities between dinocyst
assemblages between the North Sea, Western Siberia, and Arctic
Ocean indicate that a marine connection persisted at least during
the PETM>3:65,

Contemporaneously, the NGS was being restricted from the
North Atlantic by transient uplift and volcanism at the GSR to
the south39-32, Consequently, the former seaway was fragmen-
ted into two water bodies as follows: (1) a northern marine
basin connected to the western Barents Shelf, and (at least at
times) the Western Siberian Basin and Arctic Ocean; and (2) a
more than 1000 km-long narrow marine basin comprising the
North Sea and much of the NGS that was bounded by ridges on
both ends (Fig. 4). A possible shallow marine connection to the
North Atlantic may have existed temporarily via the English
strait®® and via the Faroe-Shetland Basin after 54 Ma31:32, The
documented seaway compartmentalization refines the basin
configuration used by Nisbet et al.23, who compared the
described inland sea morphology with rift lakes. The presence
of the GNR adds to their model by documenting a more
extreme basin restriction than previously considered, lasting at
least 3-6 Myr (Fig. 4).

The post-mid Ypresian evolution of the GNR remains only
loosely constrained in the absence of stratigraphic data from ~53
to ~50 Ma. Data from ODP site 913 indicate that shallow marine
conditions were re-established on the nearby ocean crust at least

by ~50 Ma, denoting a transgression (Fig. 2). A transition to
deep-marine conditions occurred during the early Lutetian
(~47 Ma)36:38, documenting a continuation of the deepening.
The seismic interpretation of the contourite deposits on the outer
NE Greenland margin closely overlying the lowermost Lutetian
and correlated to the Kanumas 12 boreholes (Supplementary
Fig. 15) tentatively suggests an onset of deep sea currents close to
that time (Fig. 3d).

Implications. The PETM and early Eocene rapid warming events
have been regarded as one of the most relevant ancient analogs
for the current climate system. The present study contributes to
understanding of the paleogeographical development of the
Arctic region during this important period and suggests a revised
paleogeographical configuration compared to previous works. In
particular, pre-breakup uplift and NAIP emplacement led to
seaway fragmentation that culminated ~56-53 Ma in the north-
ern NGS (Fig. 4). Together with other coeval restrictions (GSR32,
uplift in the pre-Fram Strait and western Barents Sea®10), the
NGS-Arctic Ocean connection was characterized by a mosaic of
shallow marine gateways and straits particularly during the
Ypresian.

The uplifted NE Greenland margin also constituted a
prominent sediment source for the offshore basins in the NGS
during the Paleocene and early Eocene. The Danian-Thanetian
gravity flow systems and the pre-basaltic fluvial systems
prograded towards the east (see also ref. 41). However, basalts
emplaced during the Ypresian formed a topographic barrier
redirecting the fluvial transport towards the north and northeast
(Fig. 4).

Finally, although strong and sustained north Atlantic bottom
current formation probably did not take place before 34 Ma®”,
seismic data from the northern North Atlantic indicate the first
signs of bottom current activity in the Lutetian (~47 Ma)%869;
however, the origin and significance of the current system has
remained unclear. This time interval corresponds to the closure
of the Arctic Ocean, a cooling climate and formation of sea ice
in the Arctic (~47 Ma)7%71, In our 2D seismic data sets, the
Lutetian represents the first Paleogene interval where contour-
ite drift- and moat-like features appear (Fig. 3d and Supple-
mentary Fig. 15). Thus, although future work is needed to test
the interpretation and its potential relevance for North Atlantic
Deep Water formation, the data tentatively support the
modeling results of Vahlenkamp et al.?!, which indicated that
a pulse of deep water formation was possible in the Nordic seas
at that time, provided GSR subsidence allowed the inflow of
saline waters.

Methods
Stratigraphic results. The onshore work is based on sedimentological, ichnolo-
gical, and palynological data collection of selected outcrops in NE Greenland. As a
survey institution, the Geological Survey of Denmark and Greenland has permits to
perform data collection including sediment sampling in Greenland. The key out-
crop areas include the Haredal valley (Wollaston Forland), a coastal section south
of the Haredal valley, and Dronning Augustadal valley (collectively referred to as
Location (loc.) 4 in Figs. 1 and 2). In addition, observations were collected from
Paleogene outcrops on GS@ (Leitch Bjerg, loc. 1), Hold with Hope (Langsiden, east
of Fosdalen, loc. 2), Clavering @ (Hallebjergene, loc. 3), Sabine @ (Germanian
Havn and north side of Harefjeld, loc. 5), and outliers in Wollaston Forland,
including the top of the Gyldenspids Mountain. Co-ordinates for localities are
provided in Supplementary Table 2. The data were collected during several field
seasons: 2008-2010 (Wollaston Forland, Sabine @), 2010 (Hold with Hope), 2011
(GS®), 2018 (Wollaston Forland, Sabine @), and 2019 (Wollaston Forland, Cla-
vering ). In addition to onshore locations, cores from the Kanumas coring project
sites 12 and 24 were described.

The sedimentological data collection was done at different scales due to varying
outcrop quality. Ideally, the data collection included documentation of lithology,
grain size and grain size trend, primary and secondary sediment structures,
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bedding contacts, and paleocurrent orientation. Trace fossil content (genera,
assemblage, and bioturbation intensity) were described where applicable.

Samples were processed for palynology by a methodology including treatment
with hydrogen chloride, hydrogen fluoride, oxidation with nitric acid, and heavy
liquid separation. At each preparation step, a slide was inspected to follow the process
closely. Finally, the organic residue was sieved on a 21 um filter (occasionally on
30 um to concentrate palynomorphs in samples that were poor in dinocysts), then
swirled and finally mounted on glass slides using a glycerin jelly medium. The
dinocyst content was analyzed using a normal light microscope. Approximately 100
identifiable dinocysts per sample were counted from Kanumas site 12, the Leitch
Bjerg, and the Haredal sections to perform a relative abundance analysis.
Prasinophycean and freshwater algae and acritarchs in the slide were also counted in
addition to the main dinocyst tally. Additional dinocyst species occurring outside the
100 counted specimens in the first slide or in other slides were recorded as present.
The palynomorphs from Kanumas site 24 and the Langsiden section were not
counted and only recorded as present. The palynological results are presented on the
StrataBugs range charts in the Supplementary Notes 2 (Supplementary Figs. 8-14).
The taxonomy used here follows that of Williams et al.”2.

Seismic interpretation. The NE Greenland margin is covered by ~80,000 km of
2D seismic reflection data. These data include high-quality commercial data col-
lected between 2006 and 2016, as well as a number of academic data sets and some
older commercial data collected from 1991 to 1995 by the Kanumas Group
(reprocessed in 2009). Seismic interpretation of the Cenozoic strata was done
following well-established sequence stratigraphic concepts described by Mitchum
and Vail’?, Mitchum et al.”4, and Sangree and Widmier”>. Seismic interpretation of
the volcanic units builds on the concepts developed by Planke et al.’®, to explain
the development of volcanic rifted margins.

Previous work on mapping the seismic volcanic stratigraphy of the NE
Greenland margin documents a complex history of development, in particular to
the south where interaction with the Jan Mayen microcontinent greatly
complicates understanding the volcanic development of the initial seafloor
spreading along the Central and Northeast Greenland margin®>777%, Here we
simplify the interpretation to focus on the distribution of subaerially extruded
lavas, which form laterally continuous top reflections underlain by either well-
defined low-frequency reflections, or a transparent unit, and shallow marine units,
which exhibit a hummocky ill-defined top reflection and chaotic reflectivity below.

Seismic interpretation was done using DecisionSpace Geoscience software from
Landmark and included ties to the few shallow coring and ODP drill sites,
providing age constraints for the Cenozoic strata (see Supplementary Fig. 15 for
locations and ties). The age model was further refined by indirect age constraints
obtained by: (1) correlating the volcanic vent surface observed offshore NE
Greenland with the well-dated comparable vent surfaces on the Norwegian margin,
which most likely reflects the same magmatic pulse?445, (2) extrapolating the age of
onshore flood basalts?” with flood basalts observed seismically from few kilometers
offshore, and (3) correlating the stratigraphic surfaces with oceanic magnetic
anomaly picks of Gaina et al.?®.

Paleogeographic reconstruction. No seismic interpretation was done on the con-
jugate Norwegian margin. The volcanic facies are based on Berndt et al.”%, and the
structural features and age inferences are based on publicly available information from
the Norwegian Petroleum Directorates web site (https://www.npd.no). To infer the
likely paleography near the Paleocene-Eocene boundary, the essential features map-
ped on the East Greenland margin were rotated to a fixed European plate at 56 Ma
using the poles of rotation in Gaina et al.2%. Areas inferred to have been subaerial
based on the above stratigraphic and mapping considerations were then outlined.

Data availability

The Kanumas cores and palynological slides are stored by the Geological Survey of
Denmark and Greenland (www.geus.dk). Released seismic data are available via
www.greenpetrodata.gl or through the GEUS data archive (data@geus.dk). Data collected
in 2014-2016 are available from the data vendor TGS (www.tgs.com/) but restrictions
apply to their availability until 2023 when their confidentiality period ends. However,
2014-2016 data may be made available for academic purposes through direct negotiation
with TGS.
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